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••^%%	 A thermionic diode and a vacuum system to test it were constructed
to investigate the bare work function of (110) and (111) planar mono-
crystalline tungsten. The collector was (100) monocrystalline copper
held at constant temperature. Uie work function for (1.10) tungsten
was found to be 5.22 ±0.01 V over the temperature range 2 -1063 to 1697 °K.
For (111) tungsten the work function was founa to be 4.74±0.15 V over
the range 2237 to 2013°K. At lower temperatures effects attributed to
adsorption on the (111) surface were observed. The (100) copper work
function was found to be 4 .07 and 4.43 V for the two runs made but neither
value is representative of a truly bare (clean) surface. The Iyster,i
pressure throughout the runs varied from 5x10 -10 to 8xi0 -9 torr.
MV
I
I. INTRODUCTION
Then onic emission is the phenomenon associcatod with the imp nrt ng
of sufficient thermal energy to some electrons in a metal cathode to
enable them to overcome retarding force-- at the surface of the metal and
thus be emitted. A thermionic emission liode is formed by collecting
the electrons on an anode.
'
	
	
The thermionic parameter of importance is the bare work function.
.It is the energy difference an electron experiences in going; from the
Fermi level in a met-n to a position at rest in field free zpace.: It is
important to realize that the work function is dependent upon the surface
properties as well as the interior properties of the lattice.
I investigated the bare work i'unction of (110) and (111) single.
crystal tungsten emitting surfaces t using a ttPmne.rature-controlled (100)
single-crystal copper collector. A lot of work has been done on single
' crystal wire and hemispherical crystals l-7 but very l_it^lz has been done
•' on planar crystals. 8'9 My experiments were motivated, in part, by un-
' certainties arising from the work of Koenig 10
 on single-crystal tungsten
emitters with a polycrystal copper , collector. Aside from determining
the respective single-crystal bare work sunetions of tungsten and
copper, I hoped that these experiments will better explain thermionic
;. emission observed when the collector is maintained at a constant tempera-ture,
 This should allow us to decide what effects are due to a change
in emitter work function with te.iperature.
The theory needed to analyze the,3e experiments is presented in
Chapter TI. Chapter III describes the experimental setup and the clecl
• trodere aration. Chapter IV describes the experimentalp p 	 	 p	 procedure and '
the circuitry employed. The results are presented and discussed in
Chapter V and the conclu=sions  given in Chapter VI. Tne appendices; con-
tain a list of symbols and their definitions, a more complete d A seussion
of the collector preparation, and a discussion of the THT-T %l code used in
n1l data reduction.
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T-ie three regions of interest in a thermionic diode are: the
emitting cathode, the intere lentrode gap, -end the collecting anode. Let
us restrict, our attention to them rind closely examine the ph,ys .cs of
tbermi.onic emission diodes. We will then be in a position to see how a
poper analysis of the experimental dnt;rj will yield the re.).ired parameters
Of interest.
The process of thermionic emis^ion from metals involves the relative
positions of three electronic enerf;,y levels, namely, according to the
Sommarfeld model, the bottom of the conduction band, the Fermi 'Level,
Wd free space. 'Me bottom of the conduction band, E C , is defined as
the lowest energy tMt a free electron can have in the metal.. If we
t
choose this energy	 as our reference, E c = 0, then the energy level
of an electron at rest in the field free space is W, where W is the height
of the potential barrier at the surface of the metal. The Fermi level
of the metal, F, is defined as the energy state, .relative to the bottom
'of the conduction band, having a 50p probability of occupancy. The work
function, $, associated with a metal and its interface with free space
is defined as the change in energy that an electron experiences in goinf;
from the Fermi level in the metal to a position at rest in field free
space, an infinite distance from the surface, that is
`	
e	 W	 Fig	 1)
where a is the charge on the electron and 10 -7
 meters constitutes an
infinite distance. Because this distance is so small, the surface of the
metal_ is often characterized by a step change in a potential energy, or
motive, diagram as shown in Fib;. 1.11
-a; -
For crystalline solids, W and F are functions of the rrystallographic
orientation, so in order to define the work function, one must specify
the crystallographic orientation of the surf- rice through which t;:e electron
passes. In addition, the work Rinction is inrluenced strongly by the
presence of adsorbed layers of foreign matter on the surface, :;o the ex=	 a
tent of surface contamination must be described also.
An electron travelling from the emitter to the collector encounters
a field due to all of the electrons in the space between the electrodes
•	 and the potential difference between the electrodes. If the electron
density in this space is high enough, the current, that reaches the co.11ec-
!	 for will be determined by these charges rather then by the wor;c function
and temperature of the emitter. The current is then said to be limited
by space charge. There are three ways to eliminate space charge: de-
crease the gap size, apply an accelerating potential across the gap, or
reduce the currents to very small amounts.
When the current is limited by space charge, the charges in the
space increase the height of the potential barrier surrounding the
emitter which the electrons must cross in travelling to the collector.
The smaller the gap between ti-ie electrodes, the smaller the distance
the space charge has to build up in and thus the smaller the effect on
saturated emission. If an accelerating potential of sufficient strength
is applied to the collector, the current is no longer limited by the
charges in the space biit is determined by the work function and tempera-
ture of the emitter. The current il then said to be saturated or emission
Limited. If the accelerating potential is not strong enough, then we do
	
r
not. gel; saturated emission and we cannot. maize any statements •bout the
emitter parameters. In prn(-ti.c!e, however, :it is possible to extrapolate
a-5-
the data to give the saturated emission situation. 7iie smaller the effect
Of space charge, the more reliable the extrapolation.
When assimilated by the collector, the electrons give up a binding
energy eOc in the metal (where die is the work function of th.e collector
metal) and a voltage V when they pass through an external load.
Fundamental to the understanding of vacuum diode performance is the
Concept of the motive diagram put forward by Langmuir ( see Fir. 1) . The
changes in potential energy of the electron de pend on all the forces
acting upon it. The motive diagram shows graphically the potential
energy of an electron as it goes from the interior of the emitter, through
the interelectrode gap, to the interior of the collector. 12 Figure la
corresponds to the retarded region where those emitted electrons with
energy less than V  do not reach the collector. In Fig. lb the electrons
have just enough energy for all of them . to get to the collector, pro-
ducing a saturated current. Superimposed on the diagram is the retarded
potential distribution (5) • the electron would have to overcome in the
presence of space charge. And, in Fig. le we have superimposed the
accelerating potential, Va , measured with respect to the grounded
emitter onto Fig. lb to increase the electron collection by the anode
and overcome space-charge effects.
In Fig. 1,	 8 - Space charge barrier
^e,^c - T^Emitter and collector work L)inction
V  - Contact potential voltage 	 c - ^e
V -- External voltage measured between electrodes
V  - Intere.l.ectrode voltage
Fe ,Fc - Emitter and collector Fermi level
V(,
. ,	 Oe
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^
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V
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ti	 Fig. 1. Motive diagram. (a) Retarded region, V  = V +V);
(b) critical. point, V	 Vo; (c) saturated region,
V	 V - V .
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We are now in a position to Rive a quantitative analysis of thermionic
emission and to show how the various constants of interest are determined
P	 experimentally. First a plot is prepared in the manner shown in Fig. 2
to record the logarithm of the current density, J. aS a function of the
s
applied voltage, V, for different values of the emitter temperature, Te..
Over many orders of magnitude of current density, this logarithm, will be
a linear function of the applied voltage;,this is the "retarded region".
At a critical value of the applied voltage, Vo , this linear plot joins
tangentially to a curve characteristic of the "saturated current region".
In Fig. 2 we see how the current and voltage behave experimentally to
correspond with the physics in Fig. I.
From the slope of the line in the retarded region the trice electron
temperature of the emitter is determined. This is true only in the
absence of space charge and if both electrodes have uni-form work func-
tions. The equation for this line is
J = J0 exp(eV/kT) .,	 (2)
where	 J = current density
Jo = saturated emission current density corresponding to
10
e 	 0c
V = measured voltage
k = Boltzmann constant
T = absolute temperature of electrons
Any two points.; on the line will enable us to determine the electron
i
	
	 temperature. Theoretically the electron temperature and the emitter
temperature should be equal, brit in practice the electron temperature is
greater. This difference can he expja fined by Fig;. 2. Any departure
4	 1
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Fig. 2. Current-voltage characteristics.
Fig. 3. Richardson plot.
Fig. 4. Schottky plot.
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from ideal emission will result in a rounding of the curve at V o . This
will produce a more shallow slope of the line in the retarded region and
thus give rise to a greater electron temperature. This is exactly i-,at
occurs in the presence of space charge. As mentioned earlier, it is
possible to extrapolate the two lines to their point of intersection, if
the curve is rounded, and thus ca:culate a theoretical o.
The above conclusion about the physical significance of T requires
one basic assumption -- coretant collector work function. Me work func-
tion can change from temperature variations of the collector or from
collector surface hetero^7eneity. 13-15 In our experiment the collector
was cooled in order to maintain it at a constant temperature.
We have shown that the bare work function -- i.e., emission from
clean surfaces -- is quite different for different faces of a metal
crystal. 8Y16 Yet, in the foregoing discussion we have tacitly a,su;-,ied
that the emitting surface has a uniform work function, implying that
only a single crystal face is exposed on the electrode surface. in a
metallic crystal_, the center of gravity of the electron cloud in each
cell coincides with the atomic nucleus, and therefore the dipole rr,oment
of these cells is eg gal to zero. For cells at the surface of ti;e metal,
the situation is different. Here, the electron cloud is not symmetric
with respect to the atomic nucleus; it extends towards the exterior by
a distance about equal to the difference in the atomic radii in a gas-
like state and in the crystal lattice. Therefore, each cell of the crystal
has a dipole moment and all the surface cells form a double electric
sayer. The moment. of a ,^,i.n(!l.e cell depends, can the ot.rucl.ui-o of the
boundary surface of the given cry t al, and hence the moments of the
double layers on the different fz ccs of a single crystal are not identical..
-10-
This accounts for the nonaniformit.y of the :,ork function of a polycry-
stalline surface. Therefore, to ensure a uniforr ► collector wor;: function,
a single crystal of copper with a (ILCO) orientation was used for tiic
collecting; electrode.
`one critical condition at the knee of the curve corresponds to tL.e
situation in Fig. lb, which gives its the relation
V  = 0c - 
`fie	 (3)
T1his value of the voltage is known as the contact potential. Knowing
V  and one of the work functions, we can d i-rectly calculate the other.
The expression that relates the saturated emission current drawn
from an emitting surface with the work function and temperature is the
Richard son -]Du shman equation 1.4
so = A(1-r) Te exp (-e¢)e /k.L	 (4 )
Jso = saturated current c:en s ity (amperes/cm ) at zero
applied field
r = the average reflection coefficient for electrons
at the emitter surface
A = Richardson constant = 4-rie;r^:2--- j--^ = 120 ari-ipereo/em.2-°K,
theoretically,
	 h
m = mass of electroon
h = Planck constant,
T  = temperature of emitter (°K)
e
= wor h function of Emitter (Volt ).
The average reflection coefficient has been shown to be negligibly
small and is taken as zero. 15 If we plot-. l-n(.T - /T`2 ) tu; a function of110
l/Te , we get the Ri.char(ison plot;
l n (Jso/Te2 ) = .7.n (A) - eq)e /kTe •	 (5 )
.11-
The slope of this line is -eO
c
1k and the intercept with	 orc.nzte axis
is in(A ), as shown in Fig. 3.
The Richardson-Dushman equation vas derived on the bus's of a :p ro
applied field, a condition not experimentally satisfied. Also, we cannot
tell if the A we get from a Richardson plot is temperature dependent or
not. A further discussion on evaluating A is given below.
Experimentally and theoretically it is found that the emission current
increases with increasing field strength at the emitter. This effect,
known as the Schottky effect, indicates that the work function of the
cathode depends upon the surface field : treng t:h. This is caused by the
electron in front of the surface be ini; acted upon by its own. electrical
image in the metal.17
It can be shown that the current in the presence of a small f:. el(i,
r^
Fo , is given by	 rel o
e
2Js 
=Jso exp^	 hT	 '	 (G
where Fo is the field and Js is the emission current density for nonzero
field strength. Hence, plotting; In J s versus %Fo should give us a
straight line whose intercept at F  = O is Jso . This plot is known as a
Schottky plot as shown in Fig. 4, 'i- Y:e Schottky effect is observed most
clearly at relatively low temperatures because of the I/T dependence of
the exponent. The experimental points fall off at low fields due to
space charge and field inhomogeneities.
Therefore, in order to properly analyze our data to get 4), we : houl d
first make a nurn;her of ')chott,ky plots for di ffereni; ternperature:j, determine
J; e1 for each Plot by extrapol.-O inr- to ^ero field, and then plot ln(,7so/Tc2)
versus l/Te . The value of A and ^^,c, we act out of this plot we will c,-il.l.
1-12-
AR and 0h,
However, we still have to take account of temperature dependence on
AR and 0R. This is accomplished by making; a Shelton plot, 18 it is essen-
tially a Richardson plot of ln(J/Te2 ) versus 1/Te for the collector work
function, 0` , made by plotting the data from the current -voltage ci;aracter- .
istics of Fig. 2 in the retarded region for a constant applied voltage,
i.e., a constant retarded potential barrier. Therefore, if the collector
work function is maintained at a constant temperature, a straight line
will result where the intercept gives the true value of A denoted by A .
Note, though, that this is true only when the Boltzmann temperature cal-
culated from the slope of the re garded region equals the temperature of
the emitter, determined by the pyrometer.
Finally, we can now take A from the Shelton plot, and J so from the
Schottky plot, and recalculate (fie from the Richardson equation. What we
now-get is the "true work function" for the emitter. By this is meant
the work function that corresponds with our definition in Eq. (1). If
it agrees with 0R then we know 0R is temperature independent; if itr	 n
differs then we know 0R is temperature depencient and we can calculate
this dependence to first order by assuming the first two terms in a
Taylor series expansion.
Experimentally, it is known that the dependence of the work function
upon temperature is very small. Iris allows us to express it in the
simplest way, assuming a linear dependence of the .form
Oe = Den + CZ (Te - To ) "	 (9)
where	 e = the teml)e.r,-itt.re-del-)erncierit, emitter work function
Oeo 
= the emitter work function at the temperature of
reference 0
a
a = d$e/dTe is the temperature dependence of 0e
T
e 
= the emitter temperature.
Putting Eq. (9) into R-ichardson' s. equation we can write
JS0 = AR exp(-e^' /!,.T),
	 (10)eO
where AR A exp(-oak ), A is known from the Shelton plot, and ive
have taken T = 0°K. Thus we see that from the initial Richardson0
equation we could not determ;r^e tr,e triie T^ichard3on constant and emitter
work function because of possible temperature dependence. The 0R we
calculated was really 0eo'
Since experimenters are having trouble getting the Richardson A, a
convention has been taking hold of putting A equal to 1.20 amperes/cIll 	 K2
into the Richardson equation and calculating a work Nnction at each
temperature. Ths work function is then called the "effective work func-
tion, it0eff'
In summary, then, we (a) draw the current-voltage characteristics
in order to get the true electron temperature and the contact potential,
(b) draw a Schottky plot to get the saturated current density at zero
applied field, (c) draw a Shelton plot to get the true value of the
Richardson constant and the collector work function, (d) using the Richard-
son constant from the Shelton plot and the s,- tur; tted current density from
the Schottky plot we can then Yet the true emitter work function front the
3
Richardson equation and finally (e) assuming a linear ten,Ferature dependence
for the emitter work function we can calculate its temperature dependence
to f i r. t order.
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III. EMERIMENTAL SETUP Pu%D ELECTRODE PREi'ARATION
We " built a vacuum system in which to conduct the experiments. It
is mounted on a movable instriLmentation stand. The dio,ie, resting on a
stainless steel support stand ins i(ie t '., -.e be -11 jar, is positioned so that
the gap between the electrodes can be viewed from two ports positioned
90° apart.
The vacuu,-n system pictured in rigs. 5 and 6 is made 'of 316- inch--
thicn stainless steel. The bell jar is 12 inches in diameter and 15
inches high. Below the main flanges is another 4 inches and then the
chamber is pinched to a neck 10 inches high. This is welded to a section
6 inches in diameter and 3 inches high which, in turn, is mated to an
Ultex 100 liters/sec Vacion pump. At the top of the bell jar is a Varian
nude ion gauge and a 1-1/2 inch vie wing port. Attached to the bell jar
are two 6-inch diameter blanked-off access ports, 90 0 apart, and two
4-inch viewing ports, also 90 0 apart. All ports have metal-to-metal seals.
Below, around the circumference of the bell jar, are four high-power leads,
two water leads, and two multiple-pinned feedthrou&.s. In the 10-inch
diameter section is located, horizontally, a Varian titanium sublimation
pump rated at 3000 liters sec, and a roughing port closed off with a
high-vacuum metal-to-metal valve 1-inch in diameter and made by Granville-
Phillips. On the low-vacuum side of the valve are two Viton-0-ring-
sealed ball valves. One leads to the initial roughing system, which in
our case was the house vacuum system, and the other to a Varian Sorption
pump chilled in liquid nitrogen.
The whole high-vacuum part of the system was baked out at 400 0 C for
about 3 days. Ultimate pressure without the sublimation pump was
I
t
c
t
all
f
i
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Fig. 5. Schematic of vacuum system.
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6.3x10-10 torr. With the sublir:.ation pump the pressure was less than
2Y.10 -11
 torr, the lower limit of the ion gauge. These values are for t:-.e
vacuum system without the diode.
	 91
Also pieturedin Fig. 6 is the micro-optical pyrometer used to :ieter-
mine the emitter temperature. It was calibrated against a secondary
standard of the National Bureau of Standards. Readings were also ta:ien
with and without the window in place to determine a correction for it.
The composite calibration curve giving true temperatures fron brightness
readings is shown in Fig. 7.
The diode was supported on a pedestal inside the bell ,jar. A
schematic of the diode is shown in Fig. 8. Above the filament is a
tantalum cup with the tungsten crystal brazed ono it. Above are the
copper crystals brazed onto their respective mountings. The guard ring
and collector are electrically insulated from one another and the whole
collector assembly is water cooled, not shown, to maintain: a constant
temperature. Around the base of the tantalum cup is a ceramic pedestal
for positioning the three tungsten heat shields. After coi.d determina-
tion of the electrode spacing, the ceramic is raised and the stainless
steel blocks positioned, also not shown. The gap is measured to within
0.01 mm with a Gaertner cathetometer.
The single-crystal-collector and guard ring were prepared from a (100)
oriented copper rod rated as 99.9% pure from Semi Elements, Inc. Wufer:;
approximately 316-inch thick were cut off with a Se.rvomet spark, cutter.
The faces were then lapped flat and parallel, and x-ray pictures were
taken to ensure the proper orientation. The wafers were then chemically
polished, and finally e.l ectropo'! 	 They were then cut into their
respective parts and vacuum hra: ,.ed to tlieir rriountin[;s ir, an auxiliary
'	 ,s i
-17-
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Fig. 6. Thermionic emission diode and instrumentation
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Fig. 8. Schematic of the thermionic diode
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vacuum systemn, using nicusil 3 as the braze alloy. Tae final x-ray
picture of the copper (100) crystal is shown in rig. 9. For A.-a- oher
details see Appendix B.
The (110) and (111) tungsten emi 1. t.ers used in this ex erir:znt :c're
prepared by Daniel Koenig. The fol lo'w ..n. is n brief ue..cri ption of the l r
prepamtion. For more det.-i 1 : :.ee Reforence 10.
Both the (110) and (1 I's ) crys t al.s were cut from rou, -.i:l y c;rlindrical
single-crystal. stocA 5/8 to 3/4 in. ir. diarri, ter and several. inches :ions*,
oriented with the (110) direction within 3 0 of the rod axis. 'ire cry:;tal
stock was man,lfac ;cured by Linde Co. , Crystal Products Division.
A 1-in. section of the stocX cry::t•al teas ground on a lathe to a final
diameter of 0.52+ in. All subsequent cutting of the crystal, including;
drilling the blackbody hole, was done under kerosene with the sparii
cutter to minimize surface deformations. Several wafers of each or ienta-
tion were cut and then ground optically flat on a p. •ecision ceramic Lapping,,
wheel with a suspension of Al 20_ powder in oil. T,,-,e faces of each wa cr
we re made parallel to within 0.0001 in. One face of t:ie wafers w:.i:.>
electropolished for 20 to 30 minutes, which was sufficient to -remove
several mils of metal. Great care was taken to maintain tl;e flatness
of the crystal face being electropol.ished. To thin end, a polycrystalline
tungsten annulus acting as a guard rin,7 was cemented around the wafer.
This procedure results in a very well polished, flat surface, although
not optically flat. The surface has an "orange-Feel" f in -1 h character-
istic of the electropolishing pro: ess. The crysta;.s than i•,ere brazed
to their tang lum support bY i.nrel • t:n, ''- Lo 4-mdl	 thic;^ -mol yb;ien u:r;
fo i l be „Ween the two ;and he;J 1 ^ ^; r	 1..i A ,	 c r,`,r :A:: i ;	 in	 V:tcllum	 1. 0	 275 ) O	 .	 The
cry: , i:aIs wero again f,r.-nerfaI I C . I f I ,! i. ropo", i::iled	 to el1mi 31i;^',t,
-21-
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Fig. cv. Laue pattern of (100) copper single crystal.
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T: :e orientation of t::e c rystais %a3 measu-red .n sc^;: te d aC,	 r
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crystal lattice relative to the surface ror:ml was
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Fig. 10. Laue pattern of (110) tungsten single crystal.
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Fig. 11. Laue pattern of (111) tungsten single crystal.
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?rior to the actual da -'Oa 1 •u21, t:iL er.:it u 	 was broiq ht :1) to :loll power
(approximately 1()600(-,,) and allowed to outias for o. e houc- This resulted
in abase pres:;ur e in the syster. of :tDO,:t, 5xl.v -1 l7 601'r. The WUtICr Coolant
was not run at this tine to nail w tho cow lector and 6-uL.rc. iii to heat up
to 250"u- and 3 00' C , re spectively .
All i^Icctroni.cs were left on ovc'rni; ht %4 3tabili::e. 'cr the uctual
run the emitter 4raS IJr^7ui-1	 1t^^ t o ; 11 i. 1 -power , a aln V: -1. ;;h no 0001: 1t i 10^ti lni.1.
The coolant wao then turned on and vr^ryed during the entire ruin to maintain
the collector temperature con:^tt:n t to within. 30°C. At full power the press-
ure rose to approximately 8x10 -9 torr. Data t-ra.s taken a.s -ho e::.i;,ter teir,-
perature was lowered. At each setting the temperature was allowed to
stabilize for 25 minutes. Gap thic::ness, emitter temperature, syster:
pressure, and thermocouple readings of variouU parts of the systerl were
taken, i.e., collector a.nd guard ring. Current-voltage reading. were taken
and at the end of the run the emitter temperature was again taken. The
emitter was then lowered to the next tempera.tare and the procedure repeated.
Before and after the entire run a zero-power-leakage current check was
made to correct aril the data for leakage currents.
As shown in Fig. 6, the electronics consisted of three parer supplies.,
a diC ital voltmeter, a precision resistor switching oox, and an amplifier
unit.
A power supply, NJE model CR-36 -20, heated the fiia:;:e nt to 10.5 amperes
at 7.1 Volts. The filament heated lip the em i tt or by of octron bombardment.
The INJE was coup7.od t;n a R^., , Lt:^ •^:^i^ ^ l otrCe r :,^Y, }^ 1;,^, rrnxtt^l ih^. ^0^"iT?, which wrx.,
u:.c,d as an accoler,-itin;;	 tho i i.lament an^i th.. grrr•urolo(i
emit ;Fr . At full. powor the powor :'UF i-)_;.y -1-jut, out,- ; 600 V alw rpj^r. oxim ^t. ^ ly
-2 .5 -
290 r';A (depending on the map betwee : the filar:ent and the tantalulrn support
Cup for the emitter) . The third pewor supply a programabl` Rcjntron,
model 235Arfc, supplied a potential between the e:citter , nd eollocior.
A digital voltmeter ( Dana rmocicl
	
33), was used I,cr readin- the
j
volta r,es across the diode; i t is -4ccuratc to
	 The curren-, was	 di
calculated by rea.,7ing the volta,,? aern;s precision resi:-,ters accur,Lt,, to
0.050.
The collector ana guard. rin;', were maintained at tine sane potential.
by a separate amplifier which sen s ed
 ;  the voltage difference between the
guard ring and collectcr and kept thi.; dii'fererce to less than 500 kV.
A schematic of the circuit is shown in Fig. 12.
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V. PRESENTATION AND DDL-I) ^USSION OF RESULTS
A set of vacuum current-voltage curves was obtained for the (110) and
the (111) crystallographic orientations of tong.-ten. l-$Lch srt of data	 ' 1,
consisted of I-V curves taken as tiv^ emitter temperature was lowered from
its maximum value. For illustration we include here the log t-V curve for
the (110) crystal at an emitter temperature nf 2060°K. Figure 13 :chows
the data for the entire voltage ranup, -5 to 50 Volts. Figure 1. 4 :i:, an
expanded plot of the -5 to I Volt range.
Several features of these curves are indicative of all the data ob-
tained. They are the deviations of the &Lt,a points from the Lines drawn
in the retarded potential region, the slope of this line, the position of
the saturation line relative to the data points, the sharpne s of the 	 i
transition (the knee) relative to the data points, and the shift of the
	 4
contact potential with temperature.
For large negative voltages the currents appear to be greater than
they really are because the noise level of the instruments was 10 -9 A.
The instrument noise is probably due to leakage current between the j;uard
!
ring and the collector through the operational amplifier. In calculating
the slope of the retarded region inipart.icular, and all calculations in
general, we used the THERM code, discussed in Appendix C. In the retarded
region, we did a least-squares analysis over the straight portion of the
curves above the region where the noise level could have any effect. For
the high -temperature runs where the currents were orders of magnitude
greater than the noise level, the least-squares analysis encompassed
.I
nearly all of the retarded region.
From the slope of the lines in the retarded region, the theoretical
eleetron tomperaturen were cid.cii1al-ed. Tit all ca eu they were gr(,ater	 }
Ir
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Fig. 13 (110) tungsten I-V curve for 2060°K.
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by 2 to 9150 K for the (110) and 6'i 1.n ll^^° h for the (111) than the experi-
mentally determined temperatures. 'These slopes wort- calcuhtted within
0.5% for the (110) and 0.4% for the (111) . We believe that this tempera-
ture difference is greater than any reasomible systemAic error in the
absolute values of the temperature measuremr nts or in the measurements of
current: and voltages. Two possible explanations can account for these
differences. One is the nonuniformity of both the emitter and collector
work functions. The second is the cooling effect accompanying thcrmionic
emission freln a uniform surface. 14 Bence, we will be able to rely. only
on the saturation currents to calculate they emitter work function and
Richardson constant A.. The Shelton plot is ralid only when the two
temperatures are equal and for these runs is not applicable.
Figure 15 is a Schottky plot for the above I-V curve. It more clearly
shows the deviation of the data from a straight line close to the knee.
Aside from the drop-off of the data points at very low fields due to space
charge and field inhomogeneities, the small variation at low fields re-
sembles Bragg reflection, is sensitive to exact surface, and remains un-
explained. 18 In drawing the saturation line on the Schottky plot, we made
a least-squares anal;ysi s, using data far enough away from the knee to
represent purely saturation effects.
Space charge is dependent on both the spacing; of the interelectrode
gap and the magnitude of the emission current. For very law temperature
emission, the cur,^ents are very small but the gap size is greater. For
very high temperature emission, the currents are very large but the gap
size is smaller due to thermal expan8ion of the tantalum cup. For the
two runs taken, the gap varied by 5 mils, being 4 mil.3 at its smalle:!t
point (the highest temperature:;). The magnitude of the gaps is enough
r
Ar
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Fig. 16 Richardson plots for (110) and
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to account for some rounding; of the knees throughout the run. Anct Lhe
other two competing effects explain the greater degree of rounding at
both extremes of emission.
For the (110) crystal the .,hi.ft of the knce with tempera tui •e w'i ; nt)f;
observed, within experimental acfmrac • y, as .-It-on  from T^O,J.e I; however,
for the (111) crystal the shift of the knee was more pronounced, as Steen
in Table II. This is explainable by a temperature dependQnco of t:hr • (1.11)
work function of -2X10 t 1x10 -4 V/ K. This value was calculated from
V	 Vo -Oc + 0 e + fie' by plotting V  o rer:^ us T  and determi n i rig the
slope. here a is on the order of tho values quoted in the literature.
Fine et al. 19 quote a value of -1.4x10 4 Vr K for the (1 La) cri enta t; io n
and comment that it is on the order of 1 k, O.86x10 4 V; °K, as predicted
by Herring and Nichols. 14 Though temperature d---pendences vary with
crystallographic orientation, magnitudes are roughly the same.
The Richardson plots shown in Fig. 16 were constructed with the
saturated current densities found from the Schottky plot and the experi.-
mentally determined temperatures. The THERM code calculated 1,, and
and their respedti.ve standard deviations. Fcr the (110) data all points.
were used ia the cUciLlaticn, but for the (111) data the regions above and
below the transition temperature were analyzed independently. The data
are tabulated in Table III. Note that the standard deviation:-; were
calculated on the basis of ON-2), where N is the number of points and
2 was the number of free parameters fitted. For small populations such
as ours, thi ratio yields fairly conservative estimates of the standard
deviation.
The (110) data were quite food ;nd 4) co w:ls calculated within 0."-'% to
be 5.21 t 0.01 V; AR was calculated  within	 p .9 ^ to be ^6 t 7 am ^rca cm` = K2 .
4
1^
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Table T.	 Tungsten (110) work function c,-l.cul.ated from Richardson
equation with A = 120 A/cm 2 = K	 and copper (100)	 work
function calculated from the contact potential and 0eff'
Temperature (OK)	 Oeff (V) -V0 (V) 0c'eff (V)
2163 5.28 1.21 14.07
2113 5.28 1.21 4.07
2o6o 5.28 1.20 4.o8
2oo6 5.28 1.21 4.07
1953 5.28 1.21 4.07
.	 1900 5.27 1.21 4.06
1850 5.28 1.21 4.07
1798 5.28 1.21 4.07
1697 5.27 1.20 4.07
_	 t
1Table II. Tuf,,nsten (111) work function calculated from Richardson
equation with A = 120 A/cm2 -°K2 and copper (100)	 work
function calculated from the contact potential and Jeff'
Temperature (0K)
	 Oeff (V^ -Vo (V) Oc eff (V)
2231 0. ^? 0 4.44
2155 4.62 0.20 4.42
2114 4.63 0.?1 4.42
2o61 4.64 0.21 4.43
2013 4.65 0.23 4.42
1963 4.69 0.27 4.42
1918 4.7-) 0.30 4.43
1868 4.76 0.32 4.44
1816 4.77 0.35 4.42
1767 4.79 o.34 4.45
1717 4.79 0.35 4.44
s
z
(tlo ) 5.219 ± 0.01 B6 ± 7
(111) above
transition
4-74 ￿ 0.15
+'244
21}+ - 114
(111) below
trans ition
5.28 t 0.11 3262 ± 3262
_	 "-.
57-
Table III. Thermionic parameters calculated from THERE`S code
by means of Richardson plot.
, 2
Crystal	 0e0 (V)	 AR	 20(amperes^cm - h )
Orientation
As pointed out by Koenit'10
 the error quoted for d)eo is reasonable be-
cause the evaluation of 0 e is practically independent of a systematic
error in the measurement of T  arising from uncertainties. in the effec-
tive t.missiv-ity of the hohl.raum and the ads orptivity of the window s. It
is also independent of a systematic error in the current measurement
that is directly prcmortional to the value of the current. On the other
hand, the evaluation of AR is very sensitive to there two types of errors.
However, the voltmeter and the precision resistor:; were well calibrated
and an^v error in A R resulting from a systematic error in the current
mea,surement waS small. For AR
 a third possible error is the determination
of the surface area of the collector. Since there is also a 10-mil Cap
between the collector and the guard ring, half the gap was added to the
collector area,.
For the (111) 3~iin 	 transition occurred at about 'rX)n() °K (Fig. 16).
Thi n, phenorrorio>n ha:; beon r, , j-, , T 	 by Ko nit',, I O : ►yi.r^.,,rr^^ 9 ri,nd IV:r}cer ,
 anal
Brand 
20 
and i : attributed to adrorption on the tungrOten emitter. The
t
R
c
I^
f	 .
-)8-
most likely cause
adsorption on the
2000°K. However,
around 16000 K for
and the (111) Sur
is oxygen. Sytaya concluded that the
(100) surface is 2100°K; that for the
according to Becker and Rra.ndes, axyg
the (100) surface, and roughly 18000K
Faces. Although the magnitudes of the
threshold of oxygen
(110) surface about
en adsorption starts.
for both the (110)
results from the
two authors differs, the order of which surface will adsorb first is re-
•	 versed. The important thing is that oxygen does adsorb onto tungsten and
this ad; orption dues ' increase the work function. In view of this, and
following the example of Koenig, the (111) data were analyzed in two jn^.rts,
with the high-temperature part above the transition yielding the pertinent
(111) tungsten data. Table I shows the data for both regions; for the
	 t ^
4
(111) crystal 0 e was calculated w ithin 3.1% to be 4.74 ± 0,15 V' and A
+ `44
within 114% to be 214 
-114 amperes/cm2-` K for above the transition. 4
The sensitive dependence of AR on various factors is reflected in the
uncertainty with which it was calculated.
r
Finally, a Shelton plot was rwtde (Fig. 17) with the calculations from
the THERM code. These values are given in Table IV. As can be seen, not
only did the work function of the collector vary with greater negative
voltages, but the A values also changed quite radically, showing its
sensitivity. Data for the (111.) crystal are for above the transition
temperature. The temperature dependence on 0e could not be calculated
from A and AR because the proper A to use was not known.
In Tables I and Ii the effective emitter work function, Oeff, for
both crystals are based on the experimentally determined currents and an
A of 1?0 amperes/em 2 -°K2 . Also listed are the contact, potentials and the
effective collector work functions calculated from the given data. For
these calculations the full range of values was given for the (111) crystal.
-1.6V
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Table N. Tnermionic parwneters calculated from THERV code by
means of Shelton plot.
-V (V) (111)	 0c (111) A (110)	 0c (110) A*
(molts) (ampere'Vcm2- K2) (Volts) (amperes/cm2 -OK)
0.2 4.25 47 - -
0.3 4.23 4j - -
o.4 4.20 39 .- -
0.5 4.18 35 - -
o.6 4.16 32 - -
0.7 4.14 29 _ -
0.8 4.12 26 - -
1.0 4.o8 22 - -
1.3 - .. 4.o1 90
1.4 3.99 15 - -
1.6 .. _ 3.89 46
2.0 3.86 8 - -
The rise in q5eff for the (111) crystal is indicative of a contaminated sur-
face and was expected in view of the above discussions. For the (110) cry-
stal, fieff remains essentially constant over the entire temperature range.
As can be seen, the (kc. eff remained essentially constant for each run. This
is due to the water cooling of the collector assembly. A possible explana-
tion why the 0c,eff of the (111) run is differen t. than that for the (110)
is that the collector was not touched between runs and thus started out
with a different surface condition. The bare work function for (100) copper is
5.61. V, as found by Underwood in 1935. 21 Our values are 4.07 and 4.43 V.
AW Mfg
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The difference in our values for the two run:, is eacily e.,q)lain-d. by
surface contamination. It is interesting, thoufTh, that the only refer-
ence cn the work functicri of (100) capper fomid in the literature is
Re".	 and the measurrmert is phot oolectric, not thernionic.
-42-
VI. CONOIJJSIOTJS
1. The (110) tungsten bare work function was found to be
5.219 ± 0.01V,
with a corresponding Richardson constant of
86 ± 7 arriperes/cm2-0K2.
2. The (111) tungsten bare work function was found to be
4.74 ± 0.15 V,
with a corresponding Richardson constant of
214 ± 244 amperes/cm2.IK
and a temperature dependence of
IX10 _4 4. lx10 -4 V/° K .
3. A bend in the (111) Richardson plot could be explained by oxygen
adsorption at a threshold temperature of about,2000°K.
No temperature dependence or gaseous adsorption effects were observed
on the (110) surface of tungsten.
5. The work function of (100) cooper was found to be 4.07 and 4.43 V9
but neither value is felt to be the true bare work function of (100)
copper because of contamination of the collector surface.
s	 I
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A. Nom-nelature
a►mbal	 Usage
A	 theoretical Richardson constant = 120 amperes / Cm 2 -o K
;R
	Richardson constant calculated from Richardson plot
A*	true temperature-dependent A calculated from Shelton plot
e	 charge on electron
F	 Fermi level
F
c , 
IN 
e	
Fermi level in collector and emitter, respectively
' 
FU	 applied field at emitter surfaceI
J, Js, 1 s	 current density, saturated Current density, saturated
cnzrrent density at zero applied field
k	 Boltzmann constant
r	 average reflection coefficient for electrons at emitter
` j T
e	
temperature and emitter temperature in OK
V, 
• 'a	 externally applied, interelect:-ode voltage
V 	 contact potential voltage = Oc Oe
W	 height of potential. barrier at surface of a metal.
U	 postulated temperature dependence of 0e = dOe/dTa
S	 space cliarge bgrrier
C) OP.,^teo work 11unction of collector, emitter, and emitter at 0°K,
respectively
Oef.f' Octeff effective work function of emitter and collector calculated
on the basis of A = 120 amperes/cm2= K2
qk
i
f
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B. Preparation of SiEL1e -CjZstal Copper Collector and Guard Ring
The (100) oriented single crystal of copper, obtained from Semi-
Elements Inc., is rated as 99 . ^k pure. It comes in a 1-inch diameter
rod 4 inches long, oriented with the ( 100) direction within 2° of the
rod axis. A wafer 13/64 -inch thick was cut off with a spark cutter
(Metals Research Ltd., Servomet) to minimize surface deforrruit ions . The
wafer was then ground optically flat on a precision ceramic wheel. with
a suspension of Al203 powder in oil. The wafer was washed in a Stoddard
solvent sonic bath ±o dislodge any -.uspensx.on from the surface. An x-ray
Laue pattern was taken and the orientation of the crystal lattice relative
to the surface normal of the ground face determined to lie within 1 0 of
the desired orientation. The rough side of the wafer was then ground
parallel to the reverse face to within 0.0001 inch and the wafer reduced
to a thickness of 0.170 inch. The wafer was again washed in the Stoddard
solvent sonic bath and then chemically polished for one minute in a solu-
tion of 1 part nitric acid, 1 part acetic aAd, and 1 part orthophosphoric
acid, Ieaving a flat reflecting finish.
One Ace of the wafer was electropolished for 30 minutes, which was
sufficient to remove several mils of metal. Copper was used for the negam
tive electrode. The electropolishing solution was at room temperature and
consisted of 50 mis distilled water
.
, 100 mis orthophosphoric acid, and a
few drops of molasses. Molasses was found to aid in forming the surface
film on the wafer face, thus retarding the current and producing a more
uniform polish. Best results occurred for an applied voltage of 1.8 Volts
at a current of about 0.19 amperes/c-mr . This procedure resulted in a very
well polished, flat surface, although not optically flat. The surfacc had
an orange peel type of finish characteristic of the electropolishing process.
-116-
The 0.364 -inch diameter collector crystal was then spark-cut out of
the wafer with a circular brass cutting tool with a 30-mil wall. For the
guard ring, the brass cutting tool consisted of two concentric 30-mil
walls cutting out the guard ring to a 0.524-inch outside dia,•neter and a
0.384 -inch inside diameter. This leaves a 10-mil gap between the collector
and the guard ring.
The crystals were then brazed to their respective OFIIC copper mountings
in an auxiliary vacuum system. The braze allow was nicusil 3(71.15% A,g,
28.10% Cu, 0.75% NO, which has a melting point of 7950 C. The melting
point of the collector wa:. visually noted. However, the temperature of
the guard ring was monitored with a thermocouple to determine whether or
not the nicusil had melted. The latter technique was necessitated by the
design of the guard ring mounting as .-hown in Fig. 8.
Finally, the crystals were re -electropolished for 10 minutes each to
compensate for the dulling of the polish from the spark cutting and the
brazing.
A final Laue pattern was taken of the collector, Fig. 9, just before
it was mounted in the diode to ensure that the data would correspond to
the desired orientation.
During the bakeout of the entire vacuum system, the collector tem-
perature reached z high of about 290°C. During the actual run the emitter
was brought up to Full power and t} e collector temperature reached a high
of about 250°C, with no coolant flowing through the collector assembly.
Comparable readings for the guard ring were 3250 C and 300°C. That these
temperatures, however, are not nearly high enough to clean off the collec-
tor is shown by the collector work function calculated for the various
emitters. To properly clean off the collector would have required our
reaching temperatures comparable to the melting point of copper.
i
j!
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C. T19,RM Coil(- an(] Random Errors
A computer code, written by Erma Williams (I1RL), took thermionic
Mission data as input and printed out all essential thermionic con-
stunts with their respective standard deviations. The code was originally
written for the IBM 7094, but has been converted for the cDc 6600. In its
present form the code is known by THERM 75.	 Provision is also made for
having the data graphically shown by Cal-comp plotter.
Input:
Card 1: Number of Shelton plots to be made, up to 10.
Card 2; Retarded region potentials used for Shelton plots.
Card 3: Temperature of emitter, noise resistance, rnaximwn and
•	 minimum voltage values used for plotting I-V curves, area
of collector, and number of vertical grid lines on I-V plot.
Card 4: Minimum and maximi.Lm retarded region potentials for I-V plot,
and minimum and maximum saturated region potentials for
I-V and Schottky plots.
Card 5: Voltage across known resistor, voltage, and resistance.
Card 4 specified the range of values needed to compute a least-squares
analysis for the retarded region, the saturated region, and the Schottky
plots. .,Card 3 sets down the vertical grid for the I-V plots. The program
sets the horizontal grid by decades of 10 (In plot) by reading the input
and starting the plot one decade below the lowest value and one decade
above the highest value.
The program then performs a least-squares analysis over the retarded re-
gion and computes the electron temperature from the slope along with its
standard deviation. The program also does a least- squares fit for the satura-
ted region and solves the two calculated lines for the intercept, V o , and an
J18-
accompanying deviation. The Schottky plot is then drawn, with the re-
spective calculated Vo, anda least-squares fit is made to it. The inter-
cept is then given, J c , and an accompanying deviation. The respective
., O
Jso 's are than used to calculate a Richard.-on plot. A least-squares fit
is also made and the slope and intercept, given with their deviations.
Finally the program uses the ccnputed retar(ied region curves to plot a
Shelton plot. A least-squares analysis here also gives the slope, 0c , and
the intercept ] .A*, and their accompanying deviations.
All standard deviations are done on the basis of 1/(N-M) where N is
the number of points and M is the number of parameters fitted. In our
case M was always equal to 2. Thus all random errors in the data, and
thus in the calculations, were accounted for in every significant para-
meter computed.
lk
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FIGI ARE CAPTIONS
Fib;. 2
Fig. 3
Fig. It
Fig. 5
Fig. 6
Fig. 7
Mrjtive diagram: (a) retarded region, V = V + V ; (h )
a	 0
critical point, V = -V ; (c) saturated region, V 1 = V - Vv.
Current-voltage characteristics. (above).
Richardson plot. (middle).
Schottky plot. (below).
Schematic of vacuum system.
Thermionic emission diode and instrumentation stand.
Brightness temperature (as measured with Pyrometer) versus
true emitter temperature, which cont.a,ins calibration c ,reo
tioris for the pyrc;:meter ^4rd a correction for the Pyrex
window through which the emitter was observed..
Schematic of the thennionic diode.
Laue pattern of (100) copper single crystal..
Laue pattern of ' 1 10) tungsten sine*Ie crysi.a.l.
Laue pattern of ( LIT) tungsten sing i e crystal.
$cherriatic of (a) meter positions , and (b) the electronic
Fig. 8
Fig. 9
Fig. 1.0
Fig. 11
Fig. L2
circuit. ,
Fig. 13	 (110) tungsten I-V curve for 2060°K.
ii ,ig. L4	 Expanded (110) tungsten I-V curve for 2060°K.
Fig. 15	 (110) tungsten Schottky plot for 20600K.
I'ig. 1.6	 hic hardson plots _"or (110) and (1.11) tungsten.
Fig. 17	 Shelton plots for ( 110) tungsten.
